Hepatitis C virus (HCV) translation is mediated by a highly conserved internal ribosome entry site (IRES), mainly located at the 5"untranslatable region ( 
digested with the restriction enzyme PvuII.
The dsDNAs encoding HH363-24, HH363m-24, HH363-24m and HH363m-24m were generated by annealing and extension of specific oligonucleotides, as described in (Barroso-delJesus et al., 2005) : 5"HH363is (5"-TATGAATTCTAATACGACTCACTATAGGGTTCTTTCTGATGAGTCCGTgaggac gaaaggttt-3") and asHH363-24 (5"-GCTGAAAGCTTGGATCCGCTCAGGTGTTGGGGACCTGCTCGGACGGCaaaccttt cgtcctc-3") were used to yield the construct HH363-24; 5"T7pHH363m (5"-TAATACGACTCACTATAGGGTTCTTTCTGATAAGTCCGTgaggacgaaaggttt-3") and asHH363-24 were used to generate HH363m-24; 5"HH363is was used with asHH363-24m (5"-GCTGAAAGCTTGGATCCGCTCAGGTGTACCCGACCTGCTCGGACGGCaaaccttt cgtcctc-3") to generate HH363-24m; 5"T7pHH363m was used with asHH363-24m to generate HH363m-24m. The T7 promoter sequence is underlined; lower case letters indicate the complementary residues.
Binding reactions
The evaluation of the dissociation constant (K d ) for each inhibitor RNA was essentially performed as previously reported (Romero-López et al, 2005; Romero-López et al, 2009 ). The resulting inhibitory RNA-target complexes were resolved, analysed and quantified as previously described (Romero-López et al, 2005 ; Romero-López and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 manufacturer"s instructions. Luciferase activity was detected 17 h after transfection using the Dual-Luciferase TM reporter assay system (Promega).
To examine the interference of the chimeric RNAs on HCV replication, cells stably harbouring the bicistronic subgenomic HCV replicon construct Huh-7 NS3-3" were cultured as above and transfected with 5 µg of inhibitor or control RNA molecules, using TransFectin. They were harvested 18 h later for subsequent analysis.
Relative quantification of HCV replicons
Intracellular HCV replicon positive-strand RNA levels were measured as previously described (Romero-López et al, 2009 ) and normalized with those obtained for the internal mRNA reference molecule encoding GAPDH (Human GAPDH Endogenous
Control Kit, Applied Biosystems, Carlsbad, CA, USA). PCR was performed using an ABI PRISM 7000 Sequence Detector System and the results analysed with an ABI PRISM 7000 SDS software v.1.1 (both from Applied Biosystems).
RESULTS

HH363-24 effectively binds and cleaves the HCV IRES region
HH363-24 is a hammerhead ribozyme that cleaves the HCV RNA genome at nucleotide 363, and which has a 47 nt-long extension at its 3" end that acts as an aptamer for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The cleavage capacity of HH363-24 was tested on a molecule containing the first 691 nucleotides of the viral RNA 5"HCV-691 (Romero-López et al, 2005) . Reactions were performed under single-turnover conditions to calculate the k obs value. These results showed HH363-24 to efficiently cleave the substrate RNA, returning a k obs of 0.042 ± 0.006 min -1 (Table 1 ).
The binding affinity of HH363-24 was subsequently analysed using the 5"HCV-691gg
construct as the target RNA (Romero-López et al, 2005) . This molecule contains the HCV genomic sequence from nucleotides 1 to 691 plus two point mutations, U 362 G and C 363 G, which impede cleavage by the catalytic core. Two nanomoles of the inhibitor molecule were assayed against increasing amounts of the substrate RNA. Analysis of the titration curve (see Table 1 and data not shown) indicated that HH363-24 bound to 5"HCV-691gg with high affinity, returning a K d value of 12.28  1.31 nM.
These results show that the engineered inhibitor HH363-24 has both catalytic and binding activities.
The essential IIId domain of the IRES region is the target for HH363-24
In earlier work we identified the sequence motif C 54 CCAACAC 61 in the apical loop of the aptamer domain ( Figure 1B ; (Romero-López et al, 2005) . These residues are complementary to the apical loop of the highly conserved IIId domain in the viral IRES region, i.e., G 261 UGUUGGG 268 ( Figure 1A ; (Jubin et al, 2000) . RNA probing assays were performed on both interacting molecules to confirm their interaction.
The secondary structure of HH363-24 was first analysed to map the nucleotides involved in the association with the IRES region. The inhibitor was 32 P 5"-end labelled and subjected to partial degradation with nucleases (RNase T1 and A) or lead ( Figure   2A ). These reagents preferentially cleave single-stranded RNA, at G residues for RNase Together, these results suggest a potential inhibitory role of HH363-24 in HCV IRESdependent translation via interference with the recruitment of ribosomal subunits. This is likely mediated via interaction with domain IIId.
Inhibition of the HCV translation and replication in cell culture by HH363-24
The engineered molecule HH363-24 has been shown to exert a moderate inhibitory effect on IRES function in vitro (Romero-López et al, 2007) . This might be explained 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 whether the catalytic module and its aptamer region remained active in the engineered molecule ex vivo. Inactivation of either element failed to significantly influence its inhibitory activity ( Figure 4A ). No significant changes in the relative luciferase levels were seen for the null variant HH363m-24m with respect to the control reaction ( Figure   4A ). These data show that both domains preserve their inhibitory function in cell culture and remain active in the chimeric compound. Figure 4B ). Importantly, mutations in either the hammerhead or the aptamer regions partially impaired this activity, with inhibition levels close to 40% ( Figure 4B ). The transfection of the completely inactive variant, HH363m-24m, yielded no significant reduction in HCV RNA levels ( Figure 4B ). This shows that the extension of the hammerhead ribozyme with an aptamer module for domain IIId provides the most efficient antiviral activity.
DISCUSSION
The finding of novel therapeutic strategies for fighting multiple viral diseases is a major The results show that the IIId domain in the IRES is the main anchoring site of HH363-24 ( Figure 2B ). The isolation of aptamers that bind to domain IIId has previously been reported (Kikuchi et al., 2005) . This "selection convergence" could be determined by the structural features of domain IIId, which is especially prone to interact with other viral IIId through a sequence motif located at an apical loop of the aptamer region. Apical loop-apical loop contact is a very efficient and commonly used mechanism for the regulation of biological processes (Brunel et al, 2002) . This strategy could be successfully exploited to engineer effective inhibitory RNA molecules (Dausse et al, 2009; Puerta-Fernández et al, 2005; Romero-López et al, 2009; Romero-López et al, 2007 ).
The present work shows that targeting domain IIId efficiently interferes with the assembly of translational particles 48S and 80S (Figure 3) . We propose that HH363-24 inhibits the formation of active ribosomal complexes by the direct apical loop-apical loop interaction between the aptamer region and the domain IIId, leading to the efficient inhibition of IRES-dependent protein synthesis (Figure 3, 4A) . Moreover, the catalytic activity on its own significantly affects to HCV translation and replication (Figure 4) by directly cleaving the viral genome. Interestingly, the presence of the aptamer element on 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Romero-López, C., Díaz-González, R., Barroso-delJesus, A., Berzal-Herranz, A., 2009. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 RNAs were transfected into Huh-7 cells stably supporting viral replication, Huh-7 NS3-3". Intracellular total RNA was isolated 18 h after transfection and used for real time RT-PCR to measure viral RNA levels, which were referred to those detected for GAPDH mRNA. The results were analysed using ABI PRISM SDS Software 1.1 (Applied Biosystems). 
